TGF-␤ 1 family ligands, such as TGF-␤, BMPs, and activin, regulate a number of cellular functions, including cell proliferation and differentiation, apoptosis, and matrix production. The actions of the TGF-␤ family ligands are particularly important during embryogenesis and tumorigenesis (1) (2) (3) (4) . BMP and activin signaling are required for gastrulation, mesoderm formation, tissue differentiation, and formation of extraembryonic tissues (1) . TGF-␤ acts as a tumor suppressor by inducing the expression of the p15
Ink4B or p21 Cip1 Cdk inhibitor genes to arrest proliferation of many cell types (2) (3) (4) . Interference with TGF-␤-induced p15
Ink4B and/or p21 Cip1 expression, by oncogenic overexpression of c-Myc or c-Ski, leads to uncontrolled cell growth and tumorigenesis (5) (6) (7) .
TGF-␤ family ligands signal through Smads, which regulate transcription by cooperating with DNA sequence-specific transcription factors (8 -10) . Among the Smads, Smad1, -5, and -8 relay signals from BMP-activated receptors, whereas Smad2 and Smad3 are the primary effectors of activin and TGF-␤ signaling, respectively. Upon ligand binding, the receptor complex phosphorylates and activates these Smads, resulting in dissociation of Smads from the receptor, heteromerization with Smad4, and nuclear translocation of the Smad complex. With the exception of Smad2, Smads bind DNA through their Nterminal MH1 domains. Stable interaction with select promoter sequences, however, occurs by association of the Smad complex with sequence-specific transcription factors. For example, in response to TGF-␤, Smad2 and Smad3 interact with Sp1 at the p15 Ink4B or p21 Cip1 promoters (11, 12) . The receptoractivated Smads also bind directly, through their C-terminal MH2 domains, to the coactivators CBP/p300. This coactivator recruitment, together with the physical and functional interactions with sequence-specific transcription factors, confers ligand-induced transcriptional activation (8 -10) . Smads can recruit additional coactivators, such as SMIF, MSG1, or Swift, that enhance the transcription response or corepressors, including c-Ski, TGIF, SIP1, SNIP1, or Tob, which decrease or inhibit ligand-induced transactivation (13) .
Another Smad3 corepressor is the nuclear proto-oncogene, evi-1, which inhibits cellular responsiveness to TGF-␤-induced growth arrest (14) . The Evi-1 protein is a 145-kDa, 10-zinc finger-containing polypeptide that can function as a DNA sequence-dependent transcription repressor (15) . Tar-geted inactivation of the evi-1 gene results in embryonic lethality because of defective heart, brain, and paraxial mesenchyme development and widespread hypocellularity (16) . This phenotype is consistent with the expression of Evi-1 during embryogenesis and the role of Evi-1 as a potent activator of cellular proliferation (17) . In adult tissues, Evi-1 is expressed at very low levels with the exception of the promyelocytic stage of myeloid differentiation, where it activates myeloid cell proliferation while inhibiting differentiation (18) . The expression pattern and proliferative function of Evi-1 explains the occurrence of myeloid leukemias in humans with chromosomal rearrangement at the evi-1 locus. Most of these rearrangements cause Evi-1 overexpression and uncontrolled myeloid cell proliferation (15) . A recent study using microarray analysis of gene expression in AML patients revealed that overexpression of Evi-1 correlated with poor treatment outcomes, illustrating the importance of tightly regulated Evi-1 expression and function (19) .
Evi-1-mediated transformation and transcriptional repression require interaction with the corepressor CtBP (20, 21) , which itself interacts with histone deacetylases (HDACs) (22) . In addition to interacting with transcriptional corepressors, Evi-1 can also interact with the co-activators CBP and p300/ CBP-associated factor, which have intrinsic histone acetylase activity (23) . Coexpression of CBP reverses the transcription repression by Evi-1 at an artificial promoter that allows for Evi-1 binding (23) ; however, the physiological importance of this interaction at a natural promoter that is regulated by Evi-1 has yet to be determined.
Evi-1 has been shown to suppress TGF-␤-induced signaling through direct interaction with Smad3. Thus, Evi-1 inhibits TGF-␤-mediated Smad3 induction of a p15
Ink4B Cdk inhibitor reporter gene (14) . This inhibition is thought to prevent the normal growth-inhibitory response to TGF-␤ and to enhance proliferation. Full repression of Smad3 activity requires interaction of Evi-1 with CtBP (20) . Evi-1 was proposed to act as a Smad3-specific corepressor that decreases Smad3 DNA binding (14) . The requirement of the Smad3 MH2 domain for Evi-1 repression of TGF-␤ inducible transcription led us to investigate the physical interaction of Evi-1 with Smads 1-4, which have MH2 domains that are highly homologous to Smad3. Since the MH2 domain of Smad3 also interacts with CBP/p300 (13), it was conceivable that Evi-1 binding to the MH2 domain might interfere with coactivator recruitment, thus providing a mechanism for repression of Smad3-mediated transcription. We therefore examined the ability of Evi-1 to bind and repress the function of TGF-␤-, BMP-, and activin-receptor activated Smads.
We observed that Evi-1 interacted with each Smad tested. Evi-1 repressed BMP/Smad1-, activin/Smad2-and TGF-␤/ Smad3-induced transcription of reporter genes as well as endogenous Smad7 gene expression. Evi-1 also repressed BMP/ Smad1-and activin/Smad2-mediated induction of endogenous Xenopus genes required for cell fate specification, suggesting a role for Evi-1 in development. Evi-1 did not interfere with CBP binding to Smad3; nor did it displace Smad3 from DNA. Rather, TGF-␤ stimulated recruitment of Evi-1 and CtBP to the endogenous Smad7 promoter, resulting in decreased TGF-␤-induced histone acetylation and transcription.
MATERIALS AND METHODS
Expression Plasmids-Coding sequences for C-terminally Myc tagor VP16-fused Evi-1 proteins or defined regions were generated by oligonucleotide-or PCR-based techniques from pME-Evi-1 and pMEEvi-1⌬ZF1-7 (14), kindly provided by H. Hirai and inserted into the EcoRI-SalI sites of the mammalian expression plasmid pRK5 (24) or derivatives or into the retroviral vector LPCX (25) . A neomycin-resistant retroviral Evi-1 expression vector, p50MFLRpWT-neo, was generously provided by C. Bartholomew (21) . Retroviral vectors for expressing siCtBP small interfering RNA and the vector control were provided by Y. Shi (61, 62) . C-terminally HA-fused CBP proteins were generated by restriction digestion of pRc-RSV-CBP-HA provided by R. Goodman and inserted into pRK5 or derivatives. The pRK5-based expression plasmid for constitutively active T␤RI(T202D) has been described (26, 27) . Expression plasmids encoding Gal-Smad1 and GalL-Smad4 (28) were gifts from J. Massagué. The expression plasmids encoding GalSmad2 and Gal-Smad3 were previously described (29) . pFAST-1 was provided by M. Whitman. The HAT-defective point mutant CBP (F1541A) was provided by T. Kouzarides and co-workers (30) . Constitutively active mutants of ActRIB and BMPRIB were gifts of L. Attisano and J. Wrana (31, 32) . Detailed information on the plasmids will be provided upon request.
Reporter Plasmids-Plasmid p800-Luc containing the luciferase reporter gene under control of the PAI-1 promoter (33) and (SBE) 4 -Luc (34) were used to measure TGF-␤-and Smad-induced gene expression. The Xvent2-Luc reporter plasmid contains ϳ250 bp of the Xvent2 promoter that is specifically responsive to BMP signaling (35) and was provided by C. Niehrs. The Ϫ226gsc-Luc reporter plasmid, in which luciferase is expressed from an activin/BVg1-specific response element of the goosecoid promoter (36) , was provided by K. W. Cho. The pFR-Luc reporter plasmid has five copies of a Gal4-binding element, followed by the luciferase gene (Stratagene). Smad7Pro-Luc containing 0.5 kb of Smad7 promoter sequence was previously described (37) . Plasmid pSV-␤-galactosidase was acquired from Promega.
Cell Culture and Transfections-COS-1 cells were maintained in Dulbecco's modified Eagle's medium, 10% fetal bovine serum, whereas HepG2 and MDA-MB-468 cells were maintained in minimal essential medium, 10% fetal bovine serum, supplemented with nonessential amino acids. Mouse embryonic Smad3 Ϫ/Ϫ fibroblasts were grown in Dulbecco's modified Eagle's medium, 10% fetal bovine serum. C2C12 myoblasts were grown in Dulbecco's modified Eagle's medium, 20% fetal bovine serum. HEC-1b cells were grown in Eagle's minimal essential medium with Earle's balanced salt solution supplemented with sodium pyruvate, nonessential amino acids, and 10% fetal bovine serum. COS-1 and Smad3 Ϫ/Ϫ mouse embryonic fibroblasts were transfected using Lipofectamine (Invitrogen). HepG2, MDA-MB-468, and C2C12 cells were transfected using FuGENE 6 (Roche Applied Science). To generate C2C12 cells stably expressing Evi-1 or siCtBP, retroviral vectors were used as described (25) . Evi-1 and CtBP expression levels were verified using Western blotting.
Immunoprecipitations and Western Blotting-FLAG-or Myc-tagged proteins were immunoprecipitated from transfected cell lysates as described (38) . Chemical cross-linking of interacting proteins using dithiobis(succinimidyl propionate) was performed as described (39) , followed by harvest of lysates in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Triton X-100. Anti-FLAG (M2; Sigma-Aldrich) or anti-Myc (9E10; Covance Research Products) antibodies were used to immunoprecipitate tagged proteins. For subsequent Western blotting, the immunoprecipitated proteins were separated by SDS-PAGE, transferred onto polyvinylidene difluoride membrane, and detected with the appropriate primary antibody. Antibodies used for Western blotting include anti-Evi-1 (63), provided by J. Ihle, anti-Smad3 (Zymed Laboratories Inc.), antiCtBP (H-440; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-FLAG (M2), anti-Myc (9E10), and anti-HA (HA-11; Covance Research Products). Antibody-bound proteins were visualized with chemiluminescent reagents (Amersham Biosciences).
Transcription Reporter Assays-Transfections, TGF-␤ treatment, and reporter assays were done as described (38) . The total amount of transfected DNA was kept constant by adding vector DNA when necessary. Transfected cells were treated for 24 h with or without 400 pM TGF-␤, and luciferase activities were measured 48 h after transfection. All assays were performed at least three times. Values are shown as luciferase activity relative to the minimal promoter.
Specifically, in Gal4 transactivation assays, the plasmids encoding Gal-Smads were used to keep DNA binding constant to allow evaluation of Smad transactivation function in the presence of other coexpressed proteins. Changes in Smad transactivation were quantified by measuring luciferase expression from the heterologous Gal4 promoter in the cotransfected FR-Luc reporter plasmid.
Mammalian two-hybrid assays were utilized to assess physical interactions among proteins. Plasmids encoding Gal-Smads or plasmids for Evi-1 or Smads fused to the VP16 activation domain and the luciferase reporter plasmid pFR-Luc were transfected into HepG2, MDA-MB-468, or Smad3Ϫ/Ϫ cells, which were then treated with or without TGF-␤.
GST Fusion Proteins and in Vitro Protein-binding Assays-Plasmids
pGEX-Smad1-4 have been described (29, 40) . Equal amounts of GST or GST-Smad fusion protein bound to glutathione-Sepharose beads were incubated, as previously described, with 35 S-labeled, in vitro translated proteins (TNT translation kit; Promega) with similar specific radioactivity (29) . Associated 35 S-labeled proteins were detected by SDS-PAGE and autoradiography.
DNA Precipitation Assays-Biotinylated 5Ј oligonucleotides containing two repeats of the consensus Smad binding element (GTCTAGAC) from the Smad7 promoter were synthesized and annealed with unbiotinylated complementary oligonucleotides to generate probes for DNA precipitation assays: SBE, 5Ј-ACTTGTCTAGACGTCTAGACTTGG-3Ј. Immobilization of biotinylated oligonucleotide probes and absorption of nuclear extracts from transfected COS cells were carried out using streptavidin-coated Magna-sphere paramagnetic particles (Promega) following the manufacturer's instructions and as described (11) . After extensive washing, DNA-bound proteins were subjected to SDS-PAGE, followed by Western blotting using antibodies that recognized FLAG (M2)-, Myc (9E10)-, or HA (HA-11)-tagged proteins. In parallel, the cell lysates were immunoblotted to demonstrate the expression of transfected proteins.
RNA Isolation and Quantitative Real Time PCR-RNA was isolated using RNAeasy reagents (Qiagen). cDNA was generated from equal amounts of RNA using NEB protoscript reagents with the dtVN23 primer. Real time PCR analysis was performed to assess Smad7 expression. Expression was normalized to ribosomal protein L19. Primers for mouse Smad7 correspond to 5Ј-CAGAAAGTGCGGAGCAAGATC-3Ј and 5Ј-AAACCCACACGCCATCCA-3Ј and Taqman 5Ј-CGGCATCCAG-CTGACGCGG-3Ј. Primers for mouse ribosomal protein L19 correspond to 5Ј-GCTGGATGACAACCTGCTGTACT-3Ј and 5Ј-TGTGGGACCGGC-TTCATG-3Ј and Taqman 5Ј-CGCCCTTCCCGAGTACAGCACCTT-3Ј.
Chromatin Immunoprecipitations-LPCX and LPCX-Evi-1 C2C12 cells were treated with or without TGF-␤ (1 ng/ml) in 0.2% serum for 60 min to assess Evi-1 and CtBP binding and 120 min to assess acetylated histone 4. Cells were cross-linked with 1% formaldehyde at room temperature for 10 min. Following a 5-min 125 mM glycine quench and two PBS washes, cells were lysed for 10 min in lysis buffer (50 mM HEPES-KOH, pH 7.9, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.5% Triton X-100) with protease inhibitor mixture (Roche Applied Science), harvested and spun 500 ϫ g for 1 min. Nuclei were washed for 10 min in wash buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, and 200 mM NaCl), collected, and resuspended in radioimmune precipitation buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS). Soluble chromatin was prepared by sonication and immunoprecipitated using anti-Myc (9E10), anti-acetyl histone H4 (Upstate Biotechnology, Inc.), or anti-CtBP (Santa Cruz Biotechnology) antibodies for 16 h. Immune complexes were collected using Protein A-agarose beads that had been preincubated with 100 g/ml salmon sperm DNA and IgG. Sequential 10-min washes were performed in radioimmune precipitation buffer, radioimmune precipitation buffer with 500 mM NaCl, buffer III (10 mM Tris-HCl, pH 8.0, 0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA), and TE buffer. Reactions were incubated at 55°C for 3 h with proteinase K and then at 65°C for 6 h to reverse the formaldehyde cross-linking. DNA fragments were purified by phenol chloroform extraction and ethanol precipitation. PCR was performed using 5 l of the 50-l DNA solution using real-time quantitative PCR with primers corresponding to mouse Smad7 promoter sequence: 5Ј-AGCTTTTAGAAACCCGATCTGTTG-3Ј, 5Ј-CGTCACGTGGCCGTCTAGA-3Ј, and Taqman 5Ј-TGCGAAACACA-ATCGCTTTTTT-3Ј. Each reaction was normalized using primers directed against ribosomal protein L19 sequence.
Xenopus Gene Expression Analyses-RNAs used for microinjection into Xenopus embryos were synthesized with SP6 RNA polymerase using mMessage mMachine kit (Ambion). The following DNA templates were used: KpnI-linearized pRK5-Evi-1, AscI-linearized pCS2ϩϩSmad1 and pCS2ϩϩSmad2, EcoRI-linearized pSP64T-activin, and XbaI-linearized pSP64T-BMP2. RNAs encoding the above genes were injected alone or in combination into the animal poles of two-cell stage embryos. The doses of RNAs used are Evi-1 (1-2 ng), Smad1 (4 ng), Smad2 (0.5 ng), activin (2 pg), and BMP2 (0.5 ng). Ectodermal explants (animal caps) from injected embryos were obtained at blastula stages (stage 8 -9) and incubated to gastrula stages (stage 10 -11), at which time total RNA was extracted from these caps, and the gene expression pattern was analyzed by reverse transcription (RT)-PCR. The primers used in the RT-PCR were as described (41), with the addition of the Msx1 primers Msx1-U 5Ј-GCTAAAAATGGCTGCTAA-3Ј and Msx1-D 5Ј-AGGTGGGCTGTGTAAAGT-3Ј and the Mix1 primers Mix1-U 5Ј-AATGTCTCAAGGCAGAGG-3Ј and Mix1-D 5Ј-GTGTCACT-GACACCAGAA-3Ј.
RESULTS

Evi-1 Represses Smad3-dependent Transcription Independently of DNA Binding-Evi-1 has been shown to repress TGF-␤-induced growth inhibition and transcription reporter activity from the p15
Ink4B or 3TP promoters (14) . At these promoters, TGF-␤-activated Smad3/4 cooperates with sequence-specific transcription factors (i.e. Sp1 or c-Jun/c-Fos, respectively) (11, 42, 43 ). Therefore, we tested whether Evi-1 was able to repress TGF-␤-and Smad3/4-mediated transcription independently of its interacting, sequence-specific transcription factors. Tandem Smad binding elements in the (SBE) 4 promoter allow cooperative binding of the Smads and TGF-␤-inducible transcription without the help of other sequence-specific transcription factors (34) . Similarly to the previously tested promoters, Evi-1 repressed TGF-␤-and Smad3/4-induced transcription from the (SBE) 4 promoter (Fig. 1A) . This result suggests that Evi-1 directly targets the intrinsic transactivation function of Smad3 in the absence of coactivation of an interacting, sequence-specific transcription factor.
The zinc finger 1 (ZF1) domain of Evi-1 is required for Smad3 interaction, and the repressor domain of Evi-1 confers transcriptional repression (14) . However, the domains of Smad3 required for physical interaction with Evi-1 were not fully defined. We therefore examined the domains of Smad3 required for interaction with Evi-1 using mammalian two-hybrid assays, in which the transcriptional activation correlates with the physical interaction in transfected cells (44) . These assays required deletion of the repressor domain of Evi-1, which would otherwise repress the transcription activity of the VP16 transactivation domain (Fig. 1D ). As shown in Fig. 1B , Evi-1 did not interact with the MH1 domain and linker segment of Smad3 in Gal-Smad3NL but showed a strong interaction with the MH2 domain of Smad3 in Gal-Smad3C, which was further enhanced upon TGF-␤ stimulation. As expected, deletion of the ZF1 domain abolished the interaction of Evi-1 with Smad3.
The repression of TGF-␤/Smad3-induced transcription, even without cooperation with other sequence-specific transcription factors, and the interaction of Evi-1 with the MH2 domain of Smad3 suggested that Evi-1 might repress TGF-␤/Smad3-induced transcription through repression of the transactivation function of the Smad3 MH2 domain. We tested this hypothesis under constant DNA binding conditions using the MH2 domain of Smad3 fused to a Gal4 DNA binding domain, using a Gal4 binding promoter as a reporter. As shown in Fig. 1C , Evi-1 repressed the transactivation function of Smad3, independent of DNA binding. Maximal repression required both the ZF1 and repressor domains, since deletion of either domain reduced Evi-1 repression. We conclude that Evi-1 targets the transactivation function of the Smad3 MH2 domain, independently of a possible effect of Evi-1 on DNA binding of Smad3.
Evi-1 Interacts with Smad1, -2, -3, and -4 -The interaction of Evi-1 with the MH2 domain of Smad3 (Fig. 1, B and C) , and the high conservation of this Smad domain led us to test whether Evi-1 interacts with other Smads in addition to Smad3. As shown using mammalian two-hybrid assays, Evi-1 without its repressor domain interacted with the receptor-activated Smad1, -2, and -3 and had a lower level interaction with Smad4. These interactions were increased in the presence of TGF-␤ and abolished when the ZF1 domain was deleted from Evi-1 ( Fig. 2A) . In principle, the ability of the Smads to heteromerize with each other and the endogenous presence of Smad2, -3, and -4 in HepG2 cells could contribute to these in vivo interactions. However, Evi-1 still interacted with Smad1 or Smad2 in Smad3-deficient cells and with Smad1, -2, and -3 in the Smad4-deficient MDA-MB-468 cells (Fig. 2B) . Thus, Evi-1 interacted with all Smads tested, and this interaction depended in all cases on the ZF1 domain in Evi-1.
In GST adsorption assays, the ZF1 domain of Evi-1 interacted with GST-fused Smads 1-4 and not GST alone (Fig. 2C) , and all four Smads were able to interact with the GST-fused ZF1 domain of Evi-1 but not with GST alone (data not shown). These data are consistent with the two-hybrid interaction data and confirm the role of the ZF1 domain in the in vivo interactions of Evi-1 with the Smads (Fig. 2A) .
The interaction of Evi-1 with each of the four Smads was also observed by coimmunoprecipitation from transfected cell lysates (Fig. 2D) . In these assays, Evi-1 coprecipitated with Smad3 or Smad4, albeit to a different extent. Under the same conditions, Evi-1 coprecipitated only weakly with Smad1 or -2, but reversible chemical cross-linking using dithiobis(succinimidyl propionate) sufficiently stabilized the Smad1-Evi-1 or Smad2-Evi-1 complexes to allow specific coprecipitation of Evi-1 with Smad1 or -2 (Fig. 2D) .
To test the interaction of endogenous Evi-1 and Smad proteins, we performed coimmunoprecipitation assays in HEC-1b cells, the only one of ϳ60 cell lines screened to express high levels of Evi-1 (60). Endogenous Evi-1 and Smad3 interacted only following TGF-␤ stimulation (Fig. 2E) . Together, data from mammalian two-hybrid, GST adsorption, and coimmunoprecipitation assays reveal that Evi-1 can interact with Smad1, -2, -3, and -4. The differing affinities presumably reflect the differential involvement of Evi-1 domains (data not shown), in 
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addition to ZF1, in Smad binding, as well as differences in the assays used.
Evi-1 Represses Smad1-and Smad2-mediated Transcription-Because of the physical interactions of Evi-1 with Smads 1-4, we assessed whether Evi-1 could repress Smad1-and Smad2-mediated transactivation. We tested this hypothesis under constant DNA binding conditions using the MH2 domains of Smad1, -2, and -3 fused to the Gal4 DNA binding domain, using a Gal4 binding promoter as a reporter. As shown in Fig. 3A , Evi-1 strongly repressed the basal and receptorinduced transactivation of Gal4-Smad1, -2, and -3. Consistent with the previous report on Smad3 (14) , the repression of Smad1 and Smad2 transcription was decreased when the ZF1 segment was deleted from Evi-1 (Fig. 3A) . The requirement of the ZF1 domain for efficient repression is consistent with the interaction of MH2 domains of Smads with the ZF1 domain of of Evi-1 (Fig. 1B and data not shown) .
We then tested the ability of Evi-1 to repress Smad1-, Smad2-, and Smad3-mediated transcription using BMP, activin, and TGF-␤-responsive promoter-reporter genes. We tested Smad1-mediated transcription using a BMP-responsive promoter segment derived from the Xenopus vent-2 gene. Consistent with previous reports (35) , activation of ALK-6/ BMP-RIB signaling enhanced transcription, and coexpression of Smad1 or Smad1/4 strongly activated transcription. In each case, Evi-1 strongly repressed the transcriptional activation of the Xvent-2 promoter (Fig. 3B) . Similarly, we used a reporter plasmid containing a segment of the Xenopus goosecoid promoter that binds the transcription factor FAST-1 to measure Smad2-activated transcription. Activin signaling causes Smad2 to bind FAST-1, thereby activating transcription from the goosecoid promoter (45) . In the presence of FAST-1, activin signaling conferred a low level transcription, which was strongly enhanced by coexpression of Smad2 or Smad2/4. Evi-1 strongly repressed the activin receptor-and Smad2-induced transcription (Fig. 3C) . Consistent with the ability of Evi-1 to repress TGF-␤-activated p15
Ink4B reporter transactivation (14) , Evi-1 also repressed TGF-␤-and Smad3/Smad4-responsive induction of the PAI-1 promoter (Fig. 3D) . Therefore, Evi-1 repressed BMP/Smad1-, activin/Smad2-, and TGF-␤/Smad3-mediated transactivation of their respective target gene promoters.
Evi-1 Represses Activin-and BMP-responsive Endogenous Gene Expression in Xenopus Embryos-Although aberrantly expressed in tumorigenesis (15), Evi-1 expression is predominantly restricted to embryonic stages and is down-regulated in adult tissues (17) . During embryonic development, activin/ nodal and BMP signals control patterning and cell fate determination in multiple processes (1), raising the possibility that their activities may be regulated by Evi-1 during development. We therefore tested whether Evi-1 inhibits BMP-and activininducible endogenous gene expression during Xenopus embryogenesis using the Xenopus ectodermal explant system. The changes in gene expression and cell differentiation in response to Smad1-mediated BMP signals and Smad2-mediated activin/ nodal/Vg1 signals have been well studied in this system. In the 
absence of growth factors, the ectodermal explants (i.e. animal caps) develop into atypical epidermis. However, incubation with TGF-␤ family ligands or increased expression of the corresponding Smads induces mesoderm-and endoderm-specific gene expression. Specifically, activin/nodal/Vg1 and Smad2 induce dorsal mesoderm and endoderm, whereas BMP and Smad1 induce ventral mesodermal and endodermal markers (for a review, see Ref. 46 ).
We first analyzed the effects of Evi-1 on activin-and BMPdependent mesendodermal marker induction. RNAs encoding activin or BMP2 were injected into the animal poles of two-cell stage embryos either alone, or together with different doses of Evi-1 RNA. Animal caps were dissected from the injected embryos at blastula stages and incubated to gastrula stages before processing them for RT-PCR assays for marker gene expression. As shown in Fig. 4A , activin induced the ventrolateral marker Xwnt8, the dorsal mesodermal marker chordin, and the endodermal marker Mix1 in animal caps (lanes 3). Coexpression of Evi-1 with activin, however, suppressed the expression of all of these genes (Fig. 4A, compare lanes 4 and 5 with lane  3) . Similarly, BMP2 induced the endodermal marker Mix1, as well as the ventral markers Xhox3 and Msx1, and Evi-1 repressed the induction of these genes (Fig. 4A, compare lanes 7  and 8 with lane 6) . The data thus indicate that Evi-1 blocks both activin and BMP signals in Xenopus animal caps.
We then examined the effects of Evi-1 on marker gene induction by Smad1 or Smad2. RNAs coding for Smad1 or Smad2 were injected alone or with Evi-1 RNA into the animal poles of two-cell stage embryos, and animal caps from injected embryos were obtained and analyzed as above. Smad2 expression induced expression of Xwnt8, chordin, and Mix1, similarly to activin (Fig. 4B, lane 3) . Coexpression of Evi-1 repressed the induction of these mesendodermal genes by Smad2 (Fig. 4B, compare lanes 4 and 5 with lane 3) . Similarly, the markers induced by Smad1 (i.e. Mix1, Xhox3 and Msx1) were inhibited by Evi-1 to different degrees (Fig. 4B , compare lanes 7 and 8 with lane 6). We also note that Evi-1 alone blocked the endogenous expression of Msx1 in animal caps (Fig. 4, A and B, lanes 2) . Since Msx1 is a direct downstream target of BMP signals (47, 48) and its expression relies on endogenously expressed BMP ligands in the animal caps, our result demonstrates that Evi-1 blocks endogenous as well as ectopically activated BMP signals. Therefore, in addition to its role in promoting cell proliferation in embryogenesis, Evi-1 may also regulate cell fate determination by its repression of activin and BMP signaling.
Evi-1 Represses Endogenous Smad7
Transactivation-To evaluate the effect of Evi-1 on endogenous mammalian gene expression, we generated retrovirally infected, control, and Evi-1-expressing C2C12 cells. In contrast to LPCX control cells, the LPCX-Evi-1 C2C12 cells expressed Myc-tagged Evi-1 (Fig.  5A ). Since Evi-1 repressed the transactivation of the synthetic   FIG. 3 . Evi-1 represses Smad1-, Smad2-and Smad3-responsive transcription. A, Evi-1 represses the transactivation function of Gal-fused Smad1, -2, and -3. Gal-Smad1 transactivation of FR-Luc was stimulated by constitutively activated ALK-6/BMP-RIB, Gal-Smad2 was activated by constitutively activated ActRIB, and Gal-Smad3 was activated by constitutively activated T␤RI. B, the effect of Evi-1 on Smad1-responsive transcription was assessed using Xvent-Luc as reporter in the presence or absence of cotransfected activated ALK-6/BMP-RIB receptor. C, the effect of Evi-1 on Smad2 was assessed using the gsc-luc reporter and cotransfected FAST-1, with or without cotransfected activated ActRIB. D, the effect of Evi-1 on Smad3/4-responsive transcription was assessed using the PAI1-Luc reporter with or without TGF-␤ (1 ng/ml).
Evi-1 Repression of TGF-␤ Family-inducible Transcription
(SBE) 4 promoter with Smad binding elements similar to those in the Smad7 promoter (Fig. 1A) , we first assayed the transcription activation from the 0.5-kbp Smad7 promoter segment in the Smad7-Luc reporter in the retrovirally infected C2C12 cells. Consistent with previous reports (49, 50) , TGF-␤, BMP, and activin receptor signaling activated the Smad7 reporter in control C2C12 cells. The activation by each of the three ligands was absent or much reduced in cells expressing Evi-1 (Fig. 5B) . We then evaluated the regulation of endogenous Smad7 expression by Evi-1. Smad7 mRNA expression was induced by BMP-2 in control C2C12 cells, but this induction was blocked by retroviral Evi-1 expression in C2C12 cells (Fig. 5C) . Similarly, TGF-␤ induced Smad7 mRNA expression 4.3-fold after 3 h, and this induction of Smad7 mRNA by TGF-␤ was nearly absent in Evi-1-expressing cells (1.39-fold induction over untreated) (Fig. 5D) . Together, the data from reporter and endogenous gene expression experiments in Xenopus and mammalian systems demonstrate that Evi-1 represses BMP, activin, 
and TGF-␤ receptor signaling through its physical and functional interactions with Smad1, -2, and -3.
Evi-1 Binding to DNA Is Enhanced by Smad3 and CBPThe ability of Evi-1 to repress Smad transactivation when DNA binding was kept constant (Figs. 1C and 3A) suggested that Evi-1 may employ alternative strategies to repress transcription, in addition to the previously proposed displacement of Smad binding to DNA (14) . We therefore investigated possible mechanisms of Evi-1 repression of Smad transactivation. The binding of Evi-1 to the MH2 domain and the consequent repression of the transactivation function of Smad3 (Fig. 1C) raised the possibility that Evi-1 might repress transcription by blocking the interaction of CBP with the C-terminal sequence of Smad3. Moreover, Evi-1 has been shown to interact with CBP (23) , and this was confirmed in coimmunoprecipitation assays (data not shown). We therefore tested whether increasing levels of Evi-1 would interfere with the Smad3 association with CBP using coimmunoprecipitation assays (Fig. 6A) . Surprisingly, Evi-1 enhanced the interaction of Smad3 with CBP, suggesting stabilization of the Smad3-CBP complex. Conversely, increasing levels of CBP also enhanced the interaction of Evi-1 with Smad3 (Fig.  6B) . These data suggest that Evi-1 does not repress Smad activity by displacing the coactivator CBP but rather enhances the stability of the Smad3/CBP interaction.
The ability of Evi-1 to repress transcription when Smad binding to DNA was kept constant (Figs. 1C and 3A) and the Evi-1 interaction with the MH2 domain, but not the DNAbinding MH1 domain, of Smad3 (Fig. 1B) led us to test the effect of Evi-1 on binding of Smad3 to the Smad binding element from the Smad7 promoter. At this promoter, Smads bind to the SBE sequence independently of other transcription factors (51) . DNA precipitation assays showed the formation of a Smad3-DNA complex upon TGF-␤ receptor activation. Coexpression of Evi-1, in the absence or presence of coexpressed CBP, did not decrease the binding of Smad3 to DNA (Fig. 6C) . Identical results were observed using electrophoretic mobility shift assays (data not shown). CBP was also recruited to the Smad-binding DNA sequence and also did not displace Smad3 from DNA. Interestingly, Evi-1 binding to the Smad-binding DNA sequence was only observed in the presence of coexpressed CBP and Smad3. Thus, the repression of Smad3-mediated transcription by Evi-1 does not result from a displacement of Smad3 from the DNA or from competitive interference with CBP association with Smad3. Instead, recruitment of Evi-1 to the Smad-binding DNA sequence is enhanced by Smad3 and CBP.
The ability of the coactivator CBP to acetylate Evi-1 (23) and the surprising result that CBP enhanced recruitment of Evi-1 to the Smad3-binding DNA sequence led us to evaluate the role of the histone acetyltransferase activity in this recruitment (Fig. 6D) . We therefore compared the effects of CBP and a CBP point mutant, CBP (F1541A), that lacks acetyltransferase activity in DNA binding assays (30) . Both wild-type and mutant CBP were equally effective in recruiting Evi-1 to the Smad3-binding DNA sequence, indicating that the acetyltransferase activity is dispensable for this function of CBP.
Evi-1 Recruits CtBP to the Smad7 Promoter to Block TGF-␤-induced Histone Acetylation-We then used chromatin immunoprecipitation to evaluate the recruitment of Evi-1 to the endogenous Smad7 promoter in response to TGF-␤. In these assays, we used the LPCX-Evi-1 C2C12 cells that expressed Myc-tagged Evi-1 and LPCX control cells that were also used in the gene expression assays in Fig. 5 . Chromatin associated with Myc-tagged Evi-1 was isolated, and the Evi-1-bound Smad7 promoter sequences were quantified using real-time PCR analysis. As shown in Fig. 7A , Evi-1 bound to the Smad7 promoter at 60 min after the addition of TGF-␤. No binding above the background, using a mouse IgG antibody, was observed in the absence of added TGF-␤ or in control C2C12 cells that do not express Myc-Evi-1. The binding of Evi-1 to the Smad7 promoter following TGF-␤ stimulation is consistent with the TGF-␤-dependent interaction of Smad3 with Evi-1 (Fig. 2E ) and the observation that Evi-1 only binds to SBE sequences in the presence of TGF-␤-activated Smad3 (Fig. 6C) .
Because Evi-1 interacts with CtBP and its associated HDACs to repress transcription of reporter genes (20 -22) , we evaluated the effect of Evi-1 on histone acetylation of the endogenous Smad7 promoter by chromatin immunoprecipitation using an antibody specific for acetylated histone H4 (Fig. 7B) . In control LPCX-C2C12 cells, TGF-␤ stimulation conferred a 3.2-fold increase in histone H4 acetylation at the Smad7 promoter after 2 h, consistent with the induction of Smad7 mRNA expression by TGF-␤. However, the induction of histone H4 acetylation by TGF-␤ was reduced to 1.5-fold in Evi-1-expressing cells.
We also examined the binding of endogenous CtBP to the Smad7 promoter by chromatin immunoprecipitation. Like Evi-1 (Fig. 7A) , CtBP is recruited to the Smad7 promoter within 60 min of TGF-␤ treatment, resulting in a more than 60-fold increase in CtBP binding (Fig. 7C) . CtBP binding is subsequently lost following release of Evi-1 from the Smad7 promoter in LPCX-Evi-1 cells (data not shown). We also found that, in the LPCX cells that do not express Evi-1, the CtBP that binds to the Smad7 promoter in the absence of TGF-␤ is rapidly released upon TGF-␤ treatment (Fig. 7C, inset) . These results suggest that the TGF-␤-induced interaction of Evi-1 with the Smad7 promoter stabilizes and enhances CtBP recruitment.
It has previously been shown that mutation of the CtBP interaction domain of Evi-1 partially reverses the repression exerted by Evi-1 on TGF-␤-induced transcription from the 3TP reporter. A similar, partial rescue was observed using trichostatin A, an inhibitor of HDACs (20) . Whereas these observations implicate CtBP and associated HDACs in the repression of TGF-␤-induced gene expression by Evi-1, they also revealed the role of additional repression domains in Evi-1 that are CtBP-and HDAC-independent. To test the role of CtBP in the repression of TGF-␤-induced, endogenous Smad7 mRNA expression, we utilized small interfering RNA to reduce CtBP protein levels (Fig. 7D, left panel) . Although we achieved only a partial reduction of CtBP expression, it considerably decreased the repression of TGF-␤-inducible Smad7 gene expression by Evi-1 (Fig. 7D, right panel) . This partial reduction in repression was consistent with the partial reversal of the Evi-1-mediated repression by trichostatin A or in the presence of the mutant Evi-1 that lacks CtBP binding (20) . Thus, consistent with these reported findings (20) , our data suggest that CtBP-dependent and -independent mechanisms are operative in Evi-1-mediated repression of TGF-␤-inducible Smad7 expression.
DISCUSSION
Based on the reported physical interaction of Evi-1 with the highly conserved MH2 domain of Smad3 (14), we investigated the interaction of Evi-1 with Smads 1-4. Evi-1 interacted with each of the Smads tested, albeit with differing efficiencies depending on the assays. Consistent with these physical interactions, Evi-1 repressed Smad1-and Smad2-mediated transactivation by BMP and activin receptors, respectively. Therefore, Evi-1 repression is not restricted to Smad3 but affects Smadmediated transactivation in response to other TGF-␤-related proteins, such as BMP and activin.
The ability of Evi-1 to repress BMP and activin signaling raises the possibility that Evi-1 may function as a modulator of Smad signaling in development. BMPs, activin, and related TGF-␤ proteins are well known regulators of embryonic patterning and cell fate specification (46) . Deficiencies in BMP and activin signaling, analyzed by targeted gene inactivation, result in embryonic lethal phenotypes with mouse embryos possessing severe defects in multiple organs (1) . Likewise, mice lacking Evi-1 die in utero with widespread hypocellularity and multiple defects in various tissues (16, 17) that partially overlap with those in mice that lack signaling molecules in TGF-␤ family pathways. In addition, the developmental expression pattern of Evi-1 overlaps partially with that of TGF-␤, activin, or BMP signaling components (16, 17) . These data suggest that Evi-1 may regulate TGF-␤-related signaling during early vertebrate embryogenesis, consistent with the direct repression of Smad1-and Smad2-stimulated induction of endogenous genes required for mesendodermal cell fate specification by BMP and activin in Xenopus embryo assays (Fig. 4) . Thus, in addition to the role of Evi-1 in the repression of TGF-␤/Smad3-mediated growth inhibition in tumorigenesis (14), we propose a role for Evi-1 as a regulator of Smad-mediated signaling during development.
We also showed that Evi-1 represses endogenous Smad7 expression, the first demonstration that Evi-1 inhibits TGF-␤ family-induced expression of an endogenous gene. TGF-␤, activin, and BMPs induce Smad7 expression through Smadmediated transcription, and Smad7 inhibits effector Smad activation, thus allowing Smad7 to exert a negative feedback effect on TGF-␤ signaling. Accordingly, ectopic Smad7 expression in Xenopus explants inhibits mesoderm induction by activin and ventralizing signals by BMPs in a dose-dependent manner (52, 53) . The regulation of Smad7 expression by Evi-1, as shown in this report, may therefore have important consequences in development. Since Evi-1 represses Smad signaling directly, and indirectly through inhibition of Smad7 expression, the graded expression of inhibitory and inductive signals (Evi-1, Smad7, and BMP and activin ligands) may contribute to cell fate specification and differentiation during embryonic development.
Our results also provide insight into the mechanism of Evi-1-mediated repression of effector Smads. Transcriptional repression can result from several strategies. These include displacement of the DNA binding of a transcriptional activator, interference with coactivator recruitment, and direct functional repression through recruitment of HDACs. Based on studies of the p15
Ink4B or 3TP promoters, where Smad3 is recruited to DNA by its interactions with Sp1 or c-Jun/c-Fos, respectively (11, 42, 43) , Evi-1 was originally proposed to repress TGF-␤/Smad3-activated transcription by displacing Smad3 from DNA (14) . However, we found that Evi-1 repressed Smad function even when DNA binding was kept constant using a Gal4 DNA binding domain (Figs. 1C and 3A) . We also found that Evi-1 repressed Smad3-mediated transactivation of the (SBE) 4 promoter, where DNA binding is mediated only by the Smad3 MH1 domain (34) instead of through the interaction of Smad3 with other sequence-specific transcription factors. At this promoter, Evi-1 did not displace Smad3 from the SBE DNA sequence but rather was recruited through its interaction with Smad3 to the SBE sequence (Fig. 6C) . Therefore, Evi-1 uses alternative strategies to repress Smad transactivation.
Some reports provide evidence that competition between coactivators and corepressors for interaction with a sequencespecific transcription factor defines the level of transcription. For example, the coactivators GRIP, CBP, or p300 compete with the corepressor SMRT for binding to the same domain of the transcription factor HNF4␣ (54). Since Evi-1 interacted with the MH2 domain of Smad3, which directly binds to the coactivators CBP or p300 (29), we evaluated whether competition of Evi-1 with CBP/p300 for Smad3 binding might contribute to Evi-1-mediated repression. Contrary to our hypothesis, interactions of Evi-1 and CBP with Smad3 were not mutually exclusive; rather, CBP enhanced the Smad3 interaction with Evi-1, and Evi-1 enhanced Smad3 interaction with CBP. Our data suggest that physical interactions between Smad3, CBP, and Evi-1 allow formation of a stable complex that is presumably the basis for our observation that efficient recruitment of Evi-1 to a Smad-binding DNA sequence required the participation of Smad3 and CBP.
The participation of Evi-1 and CBP in the Smad-DNA complex suggests the involvement of acetylation and deacetylation activities. CBP has intrinsic acetylation activity (55), whereas Evi-1 recruits CtBP (20, 21) , which in turn interacts with HDACs (22) . Acetylation of transcription factors has been shown to regulate coactivator and corepressor recruitment. For example, acetylation of MyoD increases its affinity for coactivators (56) , whereas acetylation of the orphan nuclear receptor RIP140 prevents corepressor recruitment (57) . Regulated acetylation may also impact Evi-1 function, since Evi-1 has been proposed to be acetylated by CBP, P/CAF, and GCN5 (23, 58) . The acetylase activity of CBP activity is, however, not essential for efficient recruitment of Evi-1 to the Smad3-binding DNA sequence, since both wild-type CBP and the acetylasedeficient CBP mutant are equally effective in recruiting Evi-1 to DNA. This is similar to a recent observation that p300 can recruit HDAC6 independently of its acetylase activity (59) . Thus, CBP/p300 may act as a scaffold that stabilizes corepressor complex recruitment.
Whereas the acetylase function of CBP is not required for Evi-1 recruitment to the Smad-binding DNA sequence, TGF-␤-induced acetylation is observed at the Smad7 promoter (Fig.  7B) , presumably a result of the recruitment of CBP by Smad3 (29) . In cells expressing Evi-1, however, Smad3-mediated recruitment of Evi-1 to the promoter resulted in decreased histone acetylation (Fig. 7B) , probably due to the co-recruitment of CtBP and associated HDACs with Evi-1 in response to TGF-␤ (Fig. 7C) (20, 21) . Reduction of CtBP levels, through the use of small interfering RNA, decreased the repression of TGF-␤-induced Smad7 expression by Evi-1. This observation suggests that reduced histone acetylation, concomitant with Evi-1 and CtBP recruitment, is an important determinant in the repression of TGF-␤-induced Smad7 expression by Evi-1. However, consistent with previous findings (20, 21) , our results (Fig. 7D) additionally implicate CtBP-independent mechanisms in the repression of TGF-␤/Smad3 signaling by Evi-1.
In conclusion, our results demonstrate that Evi-1 interacts with not only Smad3 but with all Smads tested, thus allowing Evi-1 to repress BMP-, activin-, and TGF-␤-induced, Smadmediated transcription. Upon TGF-␤ stimulation, Evi-1 and CtBP are recruited to the Smad7 promoter, where they inhibit TGF-␤-induced histone acetylation and transcription activation. This is the first report of Evi-1 recruitment to and repression of an endogenous TGF-␤ inducible gene. Our in vitro studies suggest that efficient Evi-1 recruitment requires Smad3 and is stabilized by CBP. The repression of BMP/ Smad1-and activin/Smad2-activated gene expression by Evi-1 in Xenopus embryo explant assays suggests that the repression of Smad function by Evi-1 may have a role in development in addition to its previously proposed role in tumorigenesis.
